We have investigated the reaction products of several iron(III) compounds with hydrogen peroxide, and have found that hydrogen peroxide promotes the formation of an oxo-bridged iron(III) species in the presence of methanol (electron donor), and carboxyl groups of the ligand systems play a role to give the tetranuclear iron(III) compound containing a bent Fe-O-Fe unit (O: oxo oxygen atom). Based on the present results and the facts that L-chains of human ferritins lack ferroxidase activity, but are richer in carboxyl groups (glutamates) exposed on the cavity surface, it seems reasonable to conclude that (i) the hydrogen peroxide released in the H-subunit may contribute to the formation of a diferric oxo-hydrate in the L-subunit, (ii) the formation of a bent oxo-bridged iron(III) species is essentially important in the L-subunit, and (iii) rich carboxyl groups in L-subunits contribute to facilitate iron nucleation and mineralization through the capture and activation of the peroxide ion, and formation of a stable bent oxo-bridged iron(III) species.
Introduction
Ferritins are a class of iron storage and mineralization proteins found throughout the animal, plant, and microbial kingdoms Chasteen and Harrison, 1999) . Iron is stored within the protein shell of ferritin as a hydrous ferric oxide nanoparticle with a structure similar to that of the mineral "ferrihydrite". Mammalian ferritins are of two types, H and L, which have complementary functions in iron uptake. The H-chain contains a dinuclear ferroxidase site and catalyzes the oxidation of ferrous ion by O 2 -producing H 2 O 2 , and the formation of a diferric oxohydrate biomineral proceeds in the L-subunit. Recent detection of a peroxodiferric intermediate in the ferroxidase reaction in the H-subunit firmly establishes the ferritin ferroxidase site as very similar to sites in the O 2 -activating diiron enzyme such as methane monooxygenase (MMOH) (Zhao et al., 1997; Liu et al., 1995) . The similarities among the peroxodiferric intermediates of MMOH and site-specific mutants of R2, and ferritin (H-subunit) include a distinct blue color from a peroxo 5 Fe charge transfer band (Feig and Lippard, 1994; Waller and Lipscomb, 1996) . It has been generally 0939Ð5075/2006/0100Ð0149 $ 06.00 " 2006 Verlag der Zeitschrift für Naturforschung, Tübingen · http://www.znaturforsch.com · D recognized that hydrogen peroxide formed in the H-subunit ferritin is released from the site (Hwang et al., 2000) and thus the role of hydrogen peroxide is believed to be negligible in the ferritins at present; this is quite different from the case of MMOH where the decay of the peroxo-intermediate has been proposed to yield a high-valent Fe oxidant in the O 2 -activating enzymes that oxidizes organic substrates (Waller and Lipscomb, 1996; Liu et al., 1997) .
In our previous paper, we have reported that some binuclear iron(III) complexes with an alkoxo-bridge [ligands: H(HPTP) and H(HPTB)] react with hydrogen peroxide, to give a blue species (Nishida et al., 1985 (Nishida et al., , 1992 Weiss and Dick, 1994; Nishino et al., 1999) , which is confirmed as a peroxodiferric species as shown below (Scheme I); we also reported the detailed chemical properties of the blue intermediate (Nishida and Takeuchi, 1987; Nishino et al., 1999; Kobayashi et al., 2000) .
Based on our results (Ito et al., 1996 (Ito et al., , 1997 , we have proposed that the high oxidant potential of the blue peroxodiferric species of MMOH appears only when it is activated through interaction with the peripheral groups such as carboxyl residue existing nearby or activated by both the peripheral (Nishida, 1998 (Nishida, , 2004 . This may support the discussion that the facile release of peroxide ions from the peroxodiferric species of H-subunit in human ferritin should be due to the absence of peripheral groups such as glutamates as observed for MMOH.
In the L-subunit of human ferritin diferric oxohydrate biominerals are formed Chasteen and Harrison, 1999) , but the mechanism remains unknown. Since it has been recognized that the degradation of the peroxodiferric species of the R2 subunit of ribonucleotide reductase proceeds with the acceptance of electron(s) (Ravi et al., 1994) , it seems quite likely that the hydrogen peroxide released in the H-subunit may play an important role in the formation of a diferric oxo-hydrate biomineral in the L-subunit. In order to confirm this we have investigated the reaction products of several iron(III) compounds with hydrogen peroxide (Nishino et al., 2002) , and have found that (i) hydrogen peroxide promotes the formation of an oxo-bridged iron(III) species in the presence of methanol (electron donor), and (ii) carboxyl groups in the ligand systems play a valuable role to give a stable oxo-bridged iron(III) species with a bent-structure. Present results seem to be highly important to elucidate the facts that L-chains lack ferroxidase activity, but are richer in carboxyl groups (glutamates) exposed on the cavity surface Chasteen and Harrison, 1999) .
Experimental

Materials
Iron(III) compounds with H(dpa) and H(dpal) (see Fig. 1 ) were obtained according to literature methods. 
Measurements
ESI-mass spectra (positive pattern) were obtained with an ESI-MS PE SCIEX API 300 instrument in water/methanol (4:1) solutions containing an iron(III) compound at Institute for Molecular Science (Okazaki, Japan) (Nishino et al., 2002 To the water/methanol solution (v/v, 1:1) containing Fe(dpal)Cl 2 (500 mg) the hydrogen peroxide solution (30%, 2 ml) was added and the resulted solution was kept to stand for 10 d. Green crystals precipitated were once recrystallized from methanol/water (v/v, 3:1). The crystal structure of a green crystal of 
Results
ESI-mass spectra
The ESI-mass spectra showed that the chloride ions of original iron(III) compounds dissociated in the water/methanol solution; in Fig. 2a , the signal at m/z = 357.0 corresponds to Fe(dpal) (OH) + [in the case of Fe(dpa)-complex, Fe(dpa)(OH) + is observed at m/z = 343.0]. When hydrogen peroxide was added to this solution, the monomeric species disappeared, and the new signals at m/z = 683.2 and 713.2 have appeared (see Fig. 2b ), and these should correspond to an oxo-bridged species (see Scheme III), where the formation of formate (O 2 CH) should be due to the oxidation of methanol (see Scheme III). For the detection of two kinds of an oxo-bridged iron(III) species described in Scheme III, methanol is necessary and thus it seems quite likely that in this reaction methanol is used to reduce the activated hydrogen peroxide coordinated to the iron(III) ions, giving a formate as bridging group. (Fig. 2c) . These indicate that the oxygen atom of the oxo-bridged iron (III) species is derived from hydrogen peroxide. The similar results were also observed for the Fe(dpa)Cl 2 complex (see Fig. 3 ).
Structure of the green crystal
The crystal structure of Fe 4 O 2 (dpal) 4 (PF 6 ) 4 is illustrated in Fig. 4 , and the selected bond distances (Å ) and angles (∞) are listed in Table I . It consists of a tetranuclear iron(III) unit (centrosymmetric), where two oxo-bridged iron(III) compounds are bridged by four carboxyl groups derived from the ligand H(dpal). The angles of Fe-O-Fe (O: oxoatom) are in the range 132~146.4∞.
Discussion
Based on the present results, it seems quite likely that the hydrogen peroxide formed in the H-subunit of human ferritin plays an important role to form the ferric oxide hydrate in the L-subunit. As indicated above, the carboxyl groups derived from the glutamates are abundant in the Lsubunit, we may assume that the activation of the coordinated hydrogen peroxide should be induced through interaction with the carboxyl groups as pointed out by us (see Scheme IV) (Ito et al., 1996;  4+ ion. Nishida, 1998) , which facilitates the electron transfer from the electron donor to the peroxide adduct. The incorporation of the oxygen atom of the peroxide ion into an oxo-bridged iron(III) species as confirmed in this study is similar to that observed for ribonucleotide reductase (RNR) (Ling et al., 1994) ; in the latter case the electron comes from the tyrosine residue of the compound (Ravi et al., 1994) . In fact, the presence of tyrosine resi- dues is confirmed for the L-subunit of human ferritin [the glu-27 in the H-subunit is replaced by tyrosine in the HuLF Chasteen and Harrison, 1999) . As described in the Introduction, in mammalian ferritins complementary functions of H-and Lsubunits make the heteropolymers of two subunits more efficient in the incorporation and mineralization of iron. This is consistent with the fact that when a mutated H-subunit was overexpressed in COS-1 cells, suppression of H-subunit synthesis occurred and homopolymers of the L-subunit became rich, leading to massive iron deposition associated with gastric cancer (Kato et al., 2001; Ferreira et al., 2000) . The massive iron deposition observed in the L-subunit homopolymers may be due to an inadequate structural environment around the iron ions as proposed above.
